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For  the  commercial  application  of  molten  carbonate  fuel  cells  (MCFCs)  under  high-pressure  operation, 
the  problem  of  Ni  shorting  should  be  solved  that  is  closely  related  to  the  solubility  of  cathode  material. 
In  order  to  improve  the  MCFC  cathode  stability,  effects  of  the  addition  of  rare-earth  metal  oxides  to 
the  molten  carbonates  have  been  quantitatively  investigated.  Especially,  La203  addition  to  the  molten 
carbonate  significantly  decreased  the  solubility  of  NiO.  Such  low  solubility  of  NiO  was  caused  by  effects 
of  both  the  acid-base  equilibrium  of  molten  carbonate  and  the  activity  of  Ni  in  solid  by  the  formation  of 
complex  oxide.  Solubilities  of  LaNi03  and  Nd2Ni04  were  also  smaller  than  that  of  NiO  in  molten  carbonate 
as  the  same  reason  as  that  of  NiO  in  the  molten  carbonates  with  saturated  La203.  Based  on  the  data  of 
solubility,  a  new  parameter  was  proposed  to  evaluate  the  solubility  of  metal  ion  in  molten  carbonates.  This 
parameter  concerned  with  the  acid-base  equilibrium  of  melts  and  the  activity  of  solid  for  the  metal  oxide. 
A  linear  relationship  with  the  measured  solubility  of  metal  oxide  in  molten  carbonates  was  obtained  by 
this  parameter.  It  would  be  indicated  that  the  parameter  is  useful  for  the  prediction  of  metal  oxide 
solubilities  in  molten  carbonates. 
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1.  Introduction 

Molten  carbonate  fuel  cells  (MCFCs)  have  been  expected  and 
developed  for  distributed  power  generation  systems  and  substitute 
thermal  power  generation  systems  with  high  energy  conversion 
efficiency.  MCFCs  have  been  reached  to  the  entry  of  the  com¬ 
mercialization  in  worldwide  [1].  However,  several  problems  still 
remain  on  the  durability  of  the  materials  such  as  the  dissolu¬ 
tion/deposition  of  NiO  cathode,  and  the  corrosion  of  stainless  steel 
separators.  Especially,  under  the  high  pressure  operation,  dissolu¬ 
tion  of  the  cathode  (NiO)  finally  leads  to  the  internal  short  circuit 
that  is  called  as  the  Ni  shorting.  There  are  several  steps  toward  the 
Ni  shorting.  First,  the  cathode  dissolves  into  electrolyte,  and  the  Ni 
ion  transports  form  cathode  side  to  anode.  Then,  the  Ni  ion  reduces 
to  the  Ni  metal  by  the  reaction  with  crossover  hydrogen  from 
anode.  After  that,  the  Ni  metal  deposits  across  electrodes,  and  the 
Ni  shorting  finally  occurs.  During  these  processes,  the  Ni  ion  is  the 
important  factor  for  all  the  process  toward  the  Ni  shorting  so  that 
the  most  essential  approach  against  the  Ni  shorting  is  to  decrease 
the  solubility  of  Ni  ion.  There  are  mainly  three  procedures  against 
the  dissolution  of  NiO;  the  alternative  cathode  material  [2-5],  the 
stabilization  of  cathode  material  by  the  reduction  of  their  activity 
in  solid  [6-8],  and  the  optimization  of  the  acid-base  condition  of 
molten  carbonates  [9-11].  We  have  focused  on  the  third  method, 
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effects  of  rare-earth  metal  oxide  as  the  additive  to  the  molten  car¬ 
bonates  for  the  decrease  of  the  solubility  of  NiO  [12-15].  There  are 
also  other  reports  to  improve  of  the  cathode  stability  using  by  rare- 
earth  materials  [16-19].  Above  all,  our  results  of  NiO  solubility  in 
molten  carbonates  with  lanthanum  oxide  additives  obtained  the 
lowest  solubility  [12-15].  In  addition,  we  also  found  that  La203 
addition  to  molten  carbonates  also  accelerated  the  oxygen  reduc¬ 
tion  reaction  [20].  In  spite  of  such  productive  contributions  for  the 
MCFC  cathode  material,  effects  of  the  solid  and  melt  composition 
on  the  solubility  of  NiO  have  not  been  clarified  yet  [12-15]. 

In  this  study,  in  order  to  improve  the  cathode  material  of  MCFCs, 
we  have  investigated  the  solubilities  of  LaNi03  and  Nd2Ni04  as  new 
materials  for  MCFCs.  Based  on  our  results  of  solubility  in  molten  car¬ 
bonates,  we  also  considered  effects  of  solid  and  melt  composition 
to  propose  the  parameter  for  the  prediction  of  solubility  of  metal 
ion. 

2.  Experimental 

2.1.  Evaluation  of  solubilties  of  nickel  oxide  and  lanthanum  oxide 
in  molten  carbonates  with  lanthanum  oxides 

Solubilities  of  NiO  and  La203  were  measured  in  the  52% 
Li2C03-48mol%  Na2C03  (Li/Na  eutectic  carbonate)  and  that  with 
saturated  La203.  The  molten  carbonate  was  made  up  to  a  total 
weight  of  1 00  g,  and  mixed  in  a  dry  box.  Then  the  excess  amount  of 
La203  (99.9%,  Kojundo  Chemical  Laboratory)  were  also  added  to  the 
Li/Na  eutectic  carbonate.  The  mixture  was  placed  in  a  high-purity 
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alumina  crucible,  and  dried  in  vacuum  for  12  h  at  623  K.  Then,  car¬ 
bonate  melt  was  refined  at  973  K  in  C02  bubbled  for  24  h  [13,14]. 
The  lithiated  NiO  was  prepared  by  the  sintering  method  [13,14]. 
Concentrations  of  Ni  and  La  in  the  melt  were  analyzed  by  ICP-AES 
(SPS3000,  Seiko  Instruments  Inc.).  For  the  evaluation  of  the  solubil¬ 
ity  of  Ni  in  molten  carbonate  with  saturated  amount  of  La203,  the 
concentration  of  La  was  measured  until  it  reached  its  solubility, 
and  then  the  lithiated  NiO  was  immersed  into  molten  carbonate. 
After  the  solubility  measurement,  the  cross  section  of  the  immersed 
sample  was  also  characterized  by  SEM-EDX  (SM-200,  Topcon  Co.). 

2.2.  Preparation  and  evaluation  of  the  solubility  ofLaNi03  and 
Nd2Ni04  in  molten  carbonate  with  rare-earth  metal  oxide 

LaNi03  and  Nd2Ni04  were  prepared  by  a  coprecipitation 
method  [21].  The  stoichiometric  ratio  of  lanthanum  nitrate  hex- 
ahydrate  (98.0%  Guaranteed  reagent,  Junsei  Chemical  Co.)  or 
neodymium  nitrate  hexahydrate  (99.9%  Guaranteed  reagent,  Jun¬ 
sei  Chemical  Co.)  and  nickel  nitrate  hexahydrate  (98.0%  Guaranteed 
reagent,  Junsei  Chemical  Co.)  were  dissolved  in  highly  pure  water 
(Millipore,  Milli-Q  Element  A10).  Adding  the  excess  amount  of 
tetramethylammonium  hydroxide,  the  metal  oxy-hydroxides  were 
precipitated  out  from  the  solution.  Precipitates  were  washed 
within  highly  pure  water,  dried  and  sintered  for  40-60  h  at  1023  K 
to  obtain  the  powder  of  LaNi03  or  Nd2Ni04.  The  solubility  of  LaNi03 
or  Nd2Ni04  in  Li/Na  eutectic  carbonate  with  rare-earth  metal  oxide 
was  determined  by  ICP-AES  as  same  method  written  in  the  last 
section. 

3.  Result  and  discussion 

3.1.  Solubilities  of  nickel  oxide  and  lanthanum  oxide  in  molten 
carbonates 


Distance  / 

Fig.  2.  EDX  analysis  of  NiO  section  immersed  for  2500  h  in  Li/Na  carbonate  with 
saturated  La203  under  pCo2  IPo2  =  0.7/0.3  atm  at  923 1<. 

the  interface  between  the  sample  and  molten  carbonates  in  Fig.  2. 
According  to  results  of  solubility  measurement  and  SEM-EDX  anal¬ 
ysis,  the  surface  of  NiO  would  be  reacted  with  La  ion  to  LaNi03  in 
molten  carbonate  with  saturated  amount  of  La203  as  shown  in  the 
following  equation: 

2La3+(l)  +  3C032-(1)  +  2NiO(s)  +  2O0(g)  2LaNi03(s)  +  3C02(g)  (1) 

This  solid  solution  layer  on  the  NiO  surface  would  decrease  the 
activity  of  Ni  in  the  solid.  Therefore,  one  of  the  reasons  why  the 
solubility  of  Ni  in  molten  carbonate  with  saturated  La203  was  lower 
than  that  in  no  additive  can  be  explained  by  decreasing  the  activity 
of  Ni. 

On  the  other  hands,  the  dissolution  reaction  of  the  La203  in  Li/Na 
eutectic  carbonate  is  a  simple  acid  dissolution  as  follows  [12,13]: 

La202C03(s)  +  2C02(g)  4>  2La3+(l)  +  3C032-(1)  (2) 


Fig.  1  shows  dissolution  curves  of  NiO  (CNi')  and  La203  (Cu') 
in  Li/Na  eutectic  carbonate  with  excess  amount  of  La203.  The 
saturated  La203  concentration  was  0.5mol%  (=1  mol%  La)  under 
Pco2/Po2  —  0-7/0. 3  atm  at  923  K.  The  concentration  of  La  was 
almost  same  as  the  solubility  of  La  at  500  h  [12,13].  The  CNi'  had 
peak  at  around  1200  h,  and  then  it  was  gradually  come  to  a  steady 
concentration.  When  CNi'  was  reached  a  steady  concentration  at 
2000  h,  this  concentration  of  Ni  was  regarded  as  the  solubility 
(CNi  =  2.1x1 0-6  (mole  fraction)),  which  was  80%  lower  than  that  of 
CNi  in  Li/Na  eutectic  carbonate  without  any  addition.  At  that  time, 
the  Cif  of  2000  h  was  10%  lower  than  that  of  500  h.  In  order  to 
research  why  CLa'  was  decreased  with  time,  the  sample  after  solu¬ 
bility  measurement  was  analyzed  by  SEM-EDX.  Fig.  2  shows  results 
of  cross  section  of  the  sample.  Both  La  and  Ni  were  detected  near 
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Fig.  1-  Dissolution  curves  of  Cm/  and  in  Li/Na  eutectic  carbonate  with  saturated 
La203  under  pco2 /Po2  =  0.7/0.3  atm  at  923 1<. 


NiO  in  Li/Na  eutectic  carbonate  with  La203  addition  dissolves 
with  the  acid  dissolution  mechanism  above  10-2  atm  of  C02  partial 
pressure  as  follows: 

NiO(s)  +  C02(g)  *>  Ni2+(1)  +  C032-(1)  (3) 

This  equation  was  divided  into  two  reactions  as  follows: 

NiO(s)  4*  Ni2+(1)  +  02"(1)  (4) 

C032-(1)  4*  C02(g)  +  02-(l)  (5) 

Following  Eqs.  (2),  (4)  and  (5),  the  decrease  CNi  in  Li/Na  eutectic 
carbonate  with  La203  was  explained  by  the  acid-base  equilibrium 
of  molten  carbonates  [12,1 3].  The  La  solubility:  CLa  (=1.0  x  10-3  (-)) 
[13]  was  smaller  than  that  of  alkali-earth  carbonates  such  as  CaC03 , 
BaC03  and  SrC03  whose  solubilities  in  Li/Na  eutectic  carbonates  are 
2.3  x  10-2  (-),  1.7  x  10-2  (-)  and  8.8  x  10-3  (-),  respectively  under 
Pco2/Po2  =  0.7/0. 3  atm  at  923 1<  [10].  In  spite  of  the  low  solubility 
of  La  in  molten  carbonate,  the  La203  addition  to  molten  carbonates 
was  more  effective  than  that  of  alkali-earth  carbonates  to  decrease 
the  solubility  of  NiO.  Therefore,  an  exceptionally-small  CNi  in  Li/Na 
eutectic  carbonate  with  La203  addition  could  be  explained  by  both 
effects;  the  activity  of  NiO  and  the  acid-base  equilibrium  of  molten 
carbonates. 

3.2.  The  solubility  ofLaNi03  and  Nd2Ni04  in  molten  carbonates 
with  the  rare-earth  oxide 

Fig.  3  shows  XRD  patterns  of  the  LaNi03  and  Nd2Ni04.  Although 
small  amount  of  Nd203  was  detected  in  Nd2Ni04,  samples  were 
well  identified  to  LaNi03  or  Nd2Ni04  [22,23]. 

Fig.  4  shows  dissolution  curves  of  Ni  (CN/)  and  La  (Cu')  of  LaNi03 
in  Li/Na  eutectic  carbonate  with  saturated  La203  under  Pco2IPo2  = 
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Fig.  3.  XRD  patterns  of  the  LaNi03  and  Nd2Ni04. 
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Fig.  4.  Dissolution  curves  of  CNi'  of  LaNi03  and  Cu'  in  Li/Na  eutectic  carbonate  with 
saturated  La203  under  pCo2 /Po2  =  0.7/0.3  atm  at  923 1<. 

0.7/0.3atm  at  923  K.  The  CNi'  had  peak  around  300  h,  and  then  it 
was  gradually  came  down  to  the  solubility  (CNi  =  2.0  x  10-6  (mole 
fraction))  which  was  almost  the  same  to  CN i  of  NiO  in  Li/Na  eutec¬ 
tic  carbonate  with  La203.  According  to  Fig.  4,  CNi  was  archived 
almost  500  h,  and  that  time  was  a  quarter  shorter  than  that  of 
NiO  in  Li/Na  eutectic  carbonate  with  La203  in  Fig.  1.  In  parallel, 


Fig.  6.  CNi  in  Li/Na  eutectic  carbonates  with  and  without  Nd203  as  a  function  ofpCo2 
at  923  K. 

the  Cia'  was  gradually  increased  with  time,  and  then  archived  to 
the  solubility  of  La202C03.  Because  the  saturated  amount  of  La203 
was  added  to  molten  carbonate,  the  Qvi  of  LaNi03  was  influenced 
by  the  acid-base  equilibrium  of  molten  carbonate.  Moreover,  the 
reason  why  the  CNi  of  LaNi03  was  extremely  smaller  than  that  of 
NiO  in  molten  carbonate  was  also  had  the  effect  of  the  activity  of 
Ni  in  LaNi03.  Though  the  CNi'  had  peak  around  300  h,  the  sample 
might  be  a  mixture  of  LaNi03  and  NiO  or  other  Ni  compound  whose 
activity  of  Ni  is  larger  than  that  of  LaNi03. 

Fig.  5  shows  Q\fi  of  Nd2Ni04  and  NiO  in  Li/Na  eutectic  carbonates 
with  and  without  Nd203  as  a  function  of  pc o2  at  923 1<  in  po2  = 
0.3  atm.  Qsii  of  both  samples  were  proportional  to  the  pc o2-  When 
the  condition  of  atmosphere  was  Pco2/Po2  =  0.7/0.3  atm,  the  CNi  of 
NdNi04  in  Li/Na  eutectic  carbonates  with  Nd203  was  ca.  35%  lower 
than  that  of  NiO  in  Li/Na  eutectic  carbonates  without  additives. 
Dependence  of  the  both  CNi  on  p02  at  923  K  was  shown  in  Fig.  6. 
The  CNi  was  constant  to  po2  in  pc o2  =0.7  atm  as  same  as  that  of  NiO. 
Hence,  Nd2Ni04  dissolves  with  an  acid  dissolution  mechanism  at 
C02  pressure  as  follows: 

Nd2Ni04(s)  +  C02(g)  **  Ni2+(1)  +  Nd203(s)  +  C032“(1)  (6) 

Fig.  7  shows  the  solubility  of  Nd  (CNcj)  as  a  function  of  pc o2  or 
Po2  at  923  K.  The  CNd  was  proportional  to  pCQ^ 2/3  at  po2  =  0.3  atm, 
and  constant  to  p02  at  pCo2  =  0.7  atm.  Thus,  the  dissolution  reaction 
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Fig.  5.  CNi  in  Li/Na  eutectic  carbonates  with  and  without  Nd203  as  a  function  ofpCo2 
at  923  K. 


Fig.  7.  CNd  in  Li/Na  eutectic  carbonates  with  saturated  Nd203  as  a  function  ofpo2 
and  pc o2  at  923 1<. 
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of  the  neodymium  oxides  would  be  to  a  simple  acid  dissolution  as 
follows: 

Nd203(s)  +  3C02(1)  **  2Nd3+(l)  +  3C032-(1)  (7) 

According  to  Eqs.  (5)-(7),  the  decrease  of  CNi  on  Nd2Ni04  was 
explained  by  the  acid-base  equilibrium  of  molten  carbonates. 

3.3.  Dependence  of  metal  solubilities  in  molten  carbonates  on  the 
acid-base  of  melt  composition  and  the  metal  oxide 

Several  data  of  solubility  in  molten  carbonate  were  shown  in 
above  section.  Not  only  our  results  but  also  other  results  by  several 
researchers  were  reported  solubilities  of  metal  in  molten  carbon¬ 
ates,  so  that  there  are  a  lot  of  data  of  solubility  in  molten  carbonates. 
Because  of  these  series  of  data  of  solubility,  it  is  desirable  to 
establish  the  index  that  can  predict  the  solubility  from  the  salt  com¬ 
position  and  materials.  The  parameter  on  NiO  solubility  had  already 
reported  as  a  function  of  the  acid-base  equilibrium  of  molten  car¬ 
bonates  [14,15].  However,  the  solubility  of  the  complex  oxide  of 
nickel  and  rare-earth  metal  could  not  be  explained  with  the  param¬ 
eter.  Thus  a  new  parameter  which  includes  both  the  activity  of  solid 
and  the  acid-base  equilibrium  of  melts  should  be  developed.  More¬ 
over,  it  should  be  better  for  a  new  parameter  to  predict  not  only  the 
solubility  of  NiO  but  also  other  cathode  materials.  From  those  points 
of  view,  we  tried  to  establish  the  new  parameter  as  follows.  First, 
we  tried  to  improve  the  parameter  of  the  acid-base  equilibrium  of 
molten  carbonates.  The  parameter  that  we  had  reported  [14]  was 
based  on  the  electrostatic  parameter  of  the  cation  which  is  esti¬ 
mated  the  index  for  molten  salts  [24].  In  other  words,  it  focused 
only  the  cation  in  the  melt.  The  relationship  between  the  parame¬ 
ter  and  the  measured  Qsii  had  the  liner  relation  for  mixed  melts  of 
alkaline  and  alkaline  earth  metals.  However,  in  the  case  of  the  La 
oxide  additives,  the  relationship  between  the  predictive  data  and 
measured  CNi  was  never  liner.  The  difference  of  dissolution  reac¬ 
tions  of  the  La  oxide  and  Nd  oxide  might  be  one  of  the  reasons  as 
follows  [14,15]: 

La202C03(s)  2La3+(l)  +  202“(1)  +  C032“(1)  (8) 

Nd203(s)  2Nd3+(l)  +  302“(1)  (9) 

In  a  contrast,  alkali-earth  carbonate  ( AeC03 )  would  be  dissolved 
in  molten  carbonates  as  follows: 

AeC03(s)  Ae2+(1)  +  C032"(1)  (10) 

The  oxide  ion  produces  directly  when  the  rare-earth  oxide  dis¬ 
solves  in  molten  carbonate  as  shown  in  Eqs.  (8)  and  (9).  In  the  case 
of  alkali-earth  carbonate  additive,  the  production  of  the  oxide  ion 
has  to  go  through  the  dissociation  equilibrium  of  the  carbonate  ion 
as  shown  in  Eqs.  (5)  and  (10).  Thus,  the  rare-earth  oxide  additive 
is  much  effective  than  the  alkali-earth  carbonate  additive  for  the 
acid-base  equilibrium  of  molten  carbonate.  Based  on  the  NiO  solu¬ 
bility  data  in  molten  carbonate  [14],  the  basicity  effect  of  oxide  ion 
would  be  almost  5  times  larger  than  that  of  carbonate  ion.  Assum¬ 
ing  that  the  parameter  which  was  shown  in  our  previous  report  [14] 
indicated  the  parameter  of  carbonate  ion  C/dis(C032-)).  The  param¬ 
eter  (/dis(02-))  concerned  with  the  oxide  ion  can  be  expressed  as 
the  following  equation: 

Nc  2 

/dfe(02)  =  5/dis(C032)  =  5Tg^.  (11) 

ic 

where  Nc  was  the  amount  of  cation,  Zc  was  the  cation  valence,  and 
rc  was  the  radius  of  cation  that  Shannon  et  al.  [25]  was  reported. 
The  ionic  radii  increase  with  the  increase  of  coordination  number, 
and  it  is  useful  to  acquire  the  ionic  radii  of  molten  carbonates.  There 
are  various  sizes  of  ions. 
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Fig.  8.  Relationships  between  parameter  of  S  and  solubility  of  C  in  molten  carbonate 
with  and  without  additives  under  pc o2  IPo2  =  0.7/0.3  atm  at  923  K. 


The  new  parameter  s'a  of  acid-base  equilibrium  on  molten  car¬ 
bonates  is  expressed  as  the  following  equation: 

£'a=fdis(C032)+fdis(02)  (12) 


The  parameter  of  the  activity  of  solid  was  considered  where  the 
Coulomb  force  between  the  cation  and  anion  of  material  sample 
(G)  was  defined  as  follows: 


G  = 


ZaZc 

( ra  +  rc)2 


(13) 


where  NFa_c  was  amount  of  pairs  between  cation  and  anion  on  a 
material  sample,  Za  was  the  anion  valence,  and  ra  was  the  radius 
of  anion  that  Shannon  et  al.  [25]  was  reported.  Originally,  metal 
solubility  in  molten  carbonates  determined  by  effects  of  solid  solu¬ 
tion  and  acid-base  equilibrium  of  molten  carbonates.  These  effects 
are  not  independent  on  each  other.  According  to  above  facts,  the 
synergic  effect  of  £'a  and  G  would  be  larger  than  additive  effects 
of  them  to  establish  the  total  parameter  (S)  of  metal  solubility  in 
molten  carbonates.  Therefore,  the  parameter  S  was  defined  as  the 
following  equation: 


S  =  £'axG  (13') 

Fig.  8  shows  the  relationship  between  the  S  and  the  solubility  of 
metal  under  pCo2  IPo2  =  0.7/0.3atm  at  923  K.  Other  results  [9-11] 
were  also  plotted  in  Fig.  8.  The  solubility  of  the  4  types  metal  oxides 
such  as  NiO,  LiFe02,  LaNi03,  and  Nd2Ni04,  in  34  melt  composi¬ 
tions  which  mainly  consisted  Li/Na,  Li/K,  and  Li/Na/K  carbonate 
with  and  without  additives  showed  a  linear  relation  with  the  S 
under  pco2/Po2  =  0.7/0.3  atm  at  923  K.  According  to  this  relation¬ 
ship,  the  metal  solubility  in  the  alkaline  metal  carbonate  with  the 
additive  will  be  predicted.  Therefore,  the  S  seems  to  be  useful  index 
to  predict  the  metal  solubility  in  molten  carbonate. 


4.  Conclusions 


In  order  to  improve  the  performance  of  MCFCs,  we  have  inves¬ 
tigated  solubilities  of  LaNi03  and  Nd2Ni04  as  new  materials 
for  MCFCs.  The  La203  additive  to  molten  carbonate  significantly 
decreased  the  solubility  of  NiO  in  molten  carbonates  by  controlling 
the  acid-base  equilibrium  of  molten  carbonate  and  the  activity  of 
Ni  in  solid.  Solubilities  of  LaNi03  and  Nd2Ni04  were  also  smaller 
than  that  of  NiO  in  molten  carbonate  as  the  same  reason  as  that  of 
NiO  in  molten  carbonates  with  saturated  amount  of  La203. 

We  also  considered  effects  of  solid  and  melt  composition  to  pro¬ 
pose  the  parameter  for  the  prediction  of  solubility  of  metal  ion.  In 
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order  to  refine  the  parameter  related  to  the  acid-base  equilibrium 
of  molten  carbonate,  the  parameter  (s'a)  was  added  to  the  terms 
due  to  the  effect  of  O2-  ion  in  the  melt.  On  the  other  hands,  in  order 
to  evaluate  the  parameter  concerned  with  the  activity  of  solid,  the 
parameter  (G)  was  also  configured  by  the  Coulomb  force  between 
the  cation  and  anion  of  material  sample.  By  multiplying  the  s'a  and 
G,  the  overview  parameter  (S)  was  obtained.  Compared  with  the 
measured  solubility  of  metal  in  molten  carbonate,  Solubilities  of  the 
4  types  metal  oxides  in  34  melt  compositions  which  mainly  con¬ 
sisted  Li/Na,  Li/K,  and  Li/Na/K  carbonate  with  and  without  additives 
show  the  linear  relation  with  the  S  under  pCo2  IPo2  =  0.7/0.3  atm  at 
923  K.  According  to  this  relationship,  the  metal  solubility  in  the 
alkaline  metal  carbonate  with  the  additive  will  be  predicted. 
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